A supplemental appendix to this article is published electronically only at http://jdr.sagepub.com/supplemental.
INTRODUCTION
M icrobial diversity associated with the human body is much greater than previously thought (Turnbaugh et al., 2007; Hsiao and Fraser-Liggett, 2009 ). Clonal analysis of the 16S ribosomal RNA gene has identified over 700 species in the human oral cavity (Paster et al., 2006) . The application of this approach to endodontic infections has revealed previously unrecognized bacterial diversity (Rolph et al., 2001; Munson et al., 2002; Saito et al., 2006; Sakamoto et al., 2006; Vickerman et al., 2007) . Thus far, more than 400 species-level bacterial taxa belonging to 9 phyla have been reported in various forms of endodontic infections, namely, Firmicutes, Bacteroidetes, Spirochaetes, Actinobacteria, Fusobacteria, Proteobacteria, Synergistes, TM7, and SR1 (Rocas and Siqueira, 2008; Siqueira and Rocas, 2009 ).
16S rRNA gene-based clonal analysis utilizes the conventional Sanger capillary sequencing technique , which is limited in "depth of coverage" because it is expensive and labor-intensive. As a result, the lessabundant micro-organisms that constitute the majority of the biodiversity cannot be selected for sequencing (Petrosino et al., 2009) . Pyrosequencing is a next-generation deep-coverage sequencing technique (Ronaghi et al., 1998) . The 454 pyrosequencing technology facilitates metagenomic investigation through a high-throughput, deep-coverage, massively parallel and multiplex barcoded approach (Margulies et al., 2005) . As a result, an in-depth study of endodontic microbial diversity can be carried out with amplified bacterial 16S rRNA sequences without cloning bias. Recently, a pyrosequencing study in the human oral cavity revealed bacterial diversity at least one order of magnitude higher than previously described (Keijser et al., 2008) .
The purpose of this study was to investigate bacterial diversity in endodontic infections through taxonomic classification of 16S rRNA tag sequences by the current generation GS FLX pyrosequencing as well as by conventional Sanger capillary sequencing. Taxonomic information is critical in relating 16S rRNA gene sequences in a community to their hosting micro-organisms, with potential physiological and pathogenic functions (Wang et al., 2007) . At this time, we are not aware of any other work that has applied this generation of pyrosequencing technology to the investigation of endodontic infections.
were 3-10 mm in diameter, but did not have active periodontal disease. Two individuals had lesions that were deemed symptomatic, as determined by a score of 30% or more on a visual analogue scale, whereas the rest were asymptomatic. One tooth had a pre-operative sinus tract, and another one had received previous endodontic treatment and was receiving a re-treatment due to persistent asymptomatic disease. Two teeth were mandibular molars, 4 were maxillary premolars, and 1 was a maxillary anterior tooth. Following participants' informed consent, microbial specimens were collected from the root canal space under strict aseptic conditions according to an established protocol (Fouad et al., 2002) . The total genomic DNA was extracted with the use of a QIAamp DNA mini kit (Qiagen, Valencia, CA, USA).
16S rRNA Gene Amplification, Clone Library Construction, and Sanger Sequencing
The 16S rRNA genes were amplified under standardized conditions with a universal bacterial 16S forward primer 27F (5′-AGA GTT TGA TCC TGG CTC AG-3′) and reverse primer 1512R (5′-ACG GCT ACC TTG TTA CGA CTT-3′) . PCR-amplified 16S rRNA genes were cloned with the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA). Transformation was done with competent E. coli TOP10 cells. The size of inserts (~1500 bp) was determined by PCR with flanking vector primers followed by electrophoresis on 1% agarose gel. The numbers of clones in each library that were successfully sequenced, which were affected by the DNA quality and yield in each sample, ranged from 20 to 59, with an average of 48 clones per library. Purified products were sequenced by the Sanger capillary technique with a 519R primer (5′-TTA CCG CGG CTG CTG-3′) (Paster et al., 2001) . Sequencing reactions were run on ABI model 3100 DNA Sequencer; reads of ~500 bp in length were obtained for each Sanger sequence. In total, 25 full 16S Sanger sequences of ~1500 bp were obtained for the potential novel sequences.
16S rRNA Gene Amplification and Pyrosequencing
The 16S rRNA gene was amplified with the composite forward primer 5′GCCTTGCCAGCCCGCTCAGTCAGAGTTTGATCC TGGCTCAG-3′ and reverse primer 5′GCCTCCCTCGCGCC ATCAGNNNNNNNNCATGCTGCCTCCCGTAGGA-GT-3′, where the underlined sequence is 454 Life Sciences ® Adaptor primer A and B; the bold sequence is the broadly conserved bacterial primer 27F and 338R; NNNNNNNN designates a unique eight-base barcode used to tag PCR products from each DNA sample. The amplified PCR products from different samples were pooled and cleaned by means of a MinElute PCR purification kit (Qiagen, Valencia, CA, USA) before they were subjected to sequencing by the Genome Sequencer FLX System (Roche, Mannheim, Germany) according to the manufacturer's protocol, at the Institute for Genome Sciences, University of Maryland. All pyrosequences were passed through the built-in quality filter, and sequences of questionable qualities or shorter than 200 bp were discarded. The average length of the sequencing products is about 250 nucleotides.
Data Analysis
Chimeric Sanger sequences were checked by the Chimera Check program in the Ribosomal Database Project (RDP II). Sanger sequences were compared with over 35,000 16S rRNA gene sequences in the Forsyth Institute Human Oral Microbiome Database (HOMD) (http://www.homd.org) and with GenBank by the BLAST algorithm with 99% similarity value (http://www. ncbi.nih.nlm.gov). Phylogenetic tree construction was based only on Sanger sequence BLAST matches at the species level according to the method described previously (Paster et al., 2001) . Both pyrosequences and Sanger sequences were compared with over 250,000 rRNA sequences in the Ribosomal Database Project (RDP II) (http://www.rdp.cmc.msu.edu). The taxonomic affiliations were determined to the genus level by the Classifier tool in RDP II, with a cut-off of 0.8 (Wang et al., 2007) .
RESULTS

Total Sequence Information
In total, 337 Sanger sequences were obtained from 7 specimens. Three chimeric Sanger sequences were identified and discarded. A total of 200,129 pyrosequences passed the quality control process, representing ~85% of the total number of sequences obtained. Most of the sequences that were discarded had insufficient length rather than poor sequence qualities. The number of high-quality sequences from pyrosequencing represented a 600-fold increase in depth-of-coverage than from Sanger sequencing. A comparison of the total numbers of bacterial taxa revealed by RDPII Classifier analysis at different taxonomic ranks showed that Sanger sequencing and pyrosequencing yielded 8 vs. 13 phyla, 10 vs. 22 classes, 11 vs. 43 orders, 20 vs. 97 families, and 25 vs. 179 genera, respectively (Fig. 1) . rank possible. The overall phylum abundance was Bacteroidetes (59.44%), Firmicutes (19.92%), Actinobacteria (4.79%), Fusob ac teria (3.49%), Proteobacteria (3.18%), Spirochaetes (2.28%), and TM7 (0.10%). An additional 6 phyla were not previously reported in endodontic infections: Tenericutes (0.68%), Deinococ cus-Thermus (0.16%), Chloroflexi (0.10%), Cyanobacteria (0.01%), OD1 (0.003%), and Acidobacteria (0.001%) (Fig. 2a) . The most abundant bacterial phylum in six out of seven individuals by both sequencing approaches was the phylum Bacteroidetes. The top 10 most abundant genera and the top 25 most prevalent genera revealed by pyrosequencing were summarized (Figs. 2b,  2c ). Only 6 genera appeared in all 7 specimens (Fig. 2c) . Most of the genera were of relatively low abundance (Appendix Table) .
Sanger Sequencing Data
Fifty-nine species-level designations were matched to the total 334 quality Sanger sequences through the BLAST algorithm at 99% similarity level against the GenBank and the HOMD databases. The taxonomic designations, phylogenetic lineage, and frequency of detection were shown on a phylogenetic tree (Appendix Fig.) . Two novel phylotypes, Bacteroidetes sp. clone YT053 and Lachnospiraceae sp. clone YT026, were identified. 1500-base full 16S sequences were obtained and deposited to GenBank under the accession numbers GQ495892 and GQ 495893, respectively (Appendix Fig.) .
DISCUSSION
Recent metagenomic studies in the human digestive tract have revealed an overall diversity orders of magnitude higher than previously described Andersson et al., 2008; Dethlefsen et al., 2008) . The biggest limitation of pyrosequencing has been its short reading lengths: ~100 bases for the first-generation
Pyrosequencing Data
In total, 13 bacterial phyla and 179 genera were assigned by RDP II Classifier to pyrosequences ( Fig. 2a and Appendix Table) . In total, 5.89% and 46% of the sequences could not be assigned to phylum or genus levels, respectively, and were listed as "unclassified bacteria" or were classified at the next higher taxonomic GS 20 system, ~250 bases for the current GS FLX platform, and ~400 bases for the emerging next-generation GS XLR Titanium instrument. A recent computer simulation study demonstrated that accurate taxonomy assignments can be obtained from 16S rRNA tag sequences by pyrosequencing (Liu et al., 2008) . The previous pyrosequencing study in the oral cavity utilized the first-generation GS 20 system (Keijser et al., 2008) . The second-generation GS FLX system used in the present study generated informative sequences (after removal of the primer sequences) nearly 3 times longer than those from the GS 20 system, therefore enabling more accurate taxonomic assignments to be made. The present study also generated, on average, 25 times more sequences per sample compared with the study by Keijser et al. (2008) ; however, analysis of our data revealed a less diverse microflora in endodontic infection than their study in saliva and supragingival plaque, confirming that endodontic microflora are a restricted community, supposedly a subset derived from the total oral microflora.
The clinical parameters of the endodontic infections included in this study were relatively diverse. The emphasis was on the "depth of coverage" that results from the use of pyrosequencing compared with traditional methods in analyzing these infections. The effect of increase in "depth of coverage" was demonstrated in a taxonomic context in the present study. In total, 13 bacterial phyla and 179 genera were detected by pyrosequencing, and only 8 phyla and 25 genera in the same samples with Sanger sequencing. Consistent with previous studies, the top 5 abundant bacterial phyla in endodontic infection were Bacteroidetes, Firmicutes, Actinobacteria, Fusobacteria, and Proteobacteria (Munson et al., 2002; Vickerman et al., 2007) . They occupied 90.2% of all pyrosequences. A large degree of inter-subject variability was consistently observed at different taxonomic ranks by both sequencing approaches, indicating an underlying heterogeneneous microbial etiology for the development of endodontic infections in different individuals with different clinical presentations. In several earlier studies, Firmicutes has been recognized as the most abundant phylum in endodontic infection (Munson et al., 2002; Saito et al., 2006; Vickerman et al., 2007) . In the present study, both sequencing strategies showed a clear dominance of the members of the phylum Bacteroidetes. Different bacterial dominances might contribute to different clinical expressions, favor different clinical interventions, or result in different treatment outcomes. While pyrosequencing may tend to overestimate diversity if the unit used was an Operational Taxonomic Unit (OTU), here the RDP Classifier was used to classify 16S genes, a method that is less sensitive to sequencing errors.
Among the 6 previously undetected bacterial phyla in endodontic infection, Cyanobacteria, Acidobacteria, and Chloroflexi are known bacterial phyla in water, soil, and wastewater plants, respectively. Phylum OD1 is a newly recognized bacterial phylum known only by its 16S sequences (Harris et al., 2004) . Deinococcus spp. within phylum Deinococcus-Thermus was previously known to exist only in extreme environments and animal feces until it was recently identified in the human stomach (Bik et al., 2006) . Mycoplasma spp., belonging to phylum Tenericutes, was detected by pyrosequencing in two individuals in the present study. Sanger sequences in the same sample identified Mycoplasma salivarium. Mycoplasma-like species was first isolated from an inflamed human dental pulp nearly 5 decades ago (Barile and Sheingorn, 1960) . The Synergistes are a group of Gram-negative anaerobic organisms that have been frequently found in the oral cavity (Vartoukian et al., 2007) as well as in endodontic infections (Siqueira and Rocas, 2007) . Although they are phylogenetically distinct, the current Bergey's Taxonomic Outline of the Prokaryotes does not list it as a separate phylum (Garrity and Castenholtz, 2004) . As a result, these sequences in the present study were classified by RDP II Classifier as "unclassified bacteria". Nevertheless, when the BLAST algorithm was used on Sanger sequences, abundant Synergistes spp. were identified, indicating that they are an important member of the endodontic microflora. So far, all known oral and endodontic Spirochetes have been classified under the genus Treponema (Chan and McLaughlin, 2000; Sakamoto et al., 2009 ). In the present study, pyrosequencing detected genus Spirochaeta, non-Treponema spirochetes, in one individual. The existence of non-Treponema spirochetes in endodontic infection has been speculated before, based on the findings from a nested PCR-DGGE (Siqueira et al., 2005) . This was the first time a non-Treponema spirochete was detected in the oral cavity. Spirochaeta spp. are free-living, facultative, or obligate anaerobes, often found in ponds and marshes (Paster et al., 1991) .
Endodontic microflora is established within previously sterile pulp spaces. Unlike other parts of the oral cavity, there is no supposedly indigenous endodontic microflora. All bacteria inside the infected root canal are opportunistic pathogens; they can either be the commensal oral bacteria associated with a healthy oral cavity, or the pathogenic bacteria associated with a diseased oral cavity, such as dental caries and periodontal disease. Nevertheless, it is essential to determine the composition of the endodontic microflora, because this may relate to the various clinical presentations or stages of development of an endodontic infection as well as its responses to different treatments. The present study demonstrated that deep-coverage pyrosequencing technology facilitated access to low-abundance bacteria in infected root canals, and revealed bacterial diversity in previously inaccessible endodontic microflora. This, in turn, will result in more accurate estimation of species abundance and prevalence in the endodontic microbial community. Lowabundance members may occupy critical niches within a complex microbial community, and therefore are potentially important in maintaining the stability and virulence of a microbial community ). The application of this technology can broaden our understanding of the pathogenesis of endodontic infections and has the potential to improve treatment outcomes.
